The ''top-six'' non-O157 Shiga toxin-producing Escherichia coli (STEC) serogroups (O26, O45, O103, O111, O121, and O145) most frequently associated with outbreaks and cases of foodborne illnesses have been declared as adulterants in beef by the U.S. Department of Agriculture Food Safety and Inspection Service (FSIS). Regulatory testing in beef began in June 2012. The purpose of this study was to evaluate the DuPont BAX System method for detecting these top six STEC strains and strains of E. coli O157:H7. For STEC, the BAX System real-time STEC suite was evaluated, including a screening assay for the stx and eae virulence genes and two panel assays to identify the target serogroups: panel 1 detects O26, O111, and O121, and panel 2 detects O45, O103, O145. For E. coli O157:H7, the BAX System real-time PCR assay for this specific serotype was used. Sensitivity of each assay for the PCR targets was $1.23 | 10 3 CFU/ml in pure culture. Each assay was 100% inclusive for the strains tested (20 to 50 per assay), and no cross-reactivity with closely related strains was observed in any of the assays. The performance of the BAX System methods was compared with that of the FSIS Microbiology Laboratory Guidebook (MLG) methods for detection of the top six STEC and E. coli O157:H7 strains in ground beef and beef trim. Generally, results of the BAX System method were similar to those of the MLG methods for detecting non-O157 STEC and E. coli O157:H7. Reducing or eliminating novobiocin in modified tryptic soy broth (mTSB) may improve the detection of STEC O111 strains; one beef trim sample inoculated with STEC O111 produced a negative result when enriched in mTSB with 8 mg/liter novobiocin but was positive when enriched in mTSB without novobiocin. The results of this study indicate the feasibility of deploying a panel of real-time PCR assay configurations for the detection and monitoring of the top six STEC and E. coli O157:H7 strains in beef. The approach could easily be adapted for additional multiplex assays should regulations expand to include other O serogroups or virulence genes.
Escherichia coli O157:H7 and non-O157 Shiga toxinproducing E. coli (STEC) serogroups, including O26, O45, O103, O111, O121, and O145, are major foodborne pathogens that cause hemorrhagic colitis and hemolytic uremic syndrome, which can lead to death. Cattle are a major reservoir for these pathogens, and food of bovine origin has been implicated in many cases of illness and outbreaks caused by E. coli O157:H7 and non-O157 STEC. STEC have been isolated from cattle, beef carcasses, retail beef, cow's milk, and other foods worldwide (4, 8, 11 ).
E. coli O157:H7 was classified as an adulterant in beef in 1994 after a large outbreak that was associated with undercooked hamburgers served at restaurants. Scallan et al. (15) estimated that non-O157 STEC cause twice the number of foodborne infections in the United States each year than do E. coli O157:H7 strains (112,752 and 63,153, respectively). More than 70% of non-O157 STEC isolates reported to the Centers for Disease Control and Prevention belonged to six E. coli O serogroups: O26, O45, O103, O111, O121, and O145 (6) . Disease caused by these STEC serogroups can be as severe as that caused by E. coli O157:H7. Because of the increasing public health impact of these pathogens, in 2011 the U.S. Department of Agriculture Food Safety and Inspection Service (FSIS) declared these top six non-O157 STEC serogroups as adulterants in raw beef products (18) , and regulatory testing began in June 2012.
Non-O157 STEC strains are a heterogeneous group of organisms with no common characteristics that can be utilized for their detection and isolation other than the production of Shiga toxins. The Shiga toxins are critical for virulence of STEC; however, a notable association has also been found between the presence of the eae gene (coding for the intimin outer membrane protein) in STEC and severe disease, including hemolytic uremic syndrome (3, 6, 14, 23) . The development of test kits and reagents for detecting stx and other virulence genes in addition to serogroup-specific genetic determinants would allow a more comprehensive and rapid detection of these pathogens. The availability of reliable methods for detection, identification, and isolation of important non-O157 STEC strains will aid in determining their true prevalence in food and the incidence of disease caused by these emerging pathogens. Multiplex real-time PCR assays have been developed and used for detection of STEC in food and cattle feces (1, 2, 7, 13, 22) ; however, these assays have required the user to create custom mixes of PCR reagent components, which increases the potential for error during preparation and decreases the assay's reproducibility when performed by different individuals.
The DuPont BAX System real-time PCR STEC suite is designed to detect and identify the top six STEC serogroups. These assays employ a multiplex probe-based technology that utilizes a unimolecular structure, which allows the probe to rapidly and efficiently bind to target DNA and generate a fluorescent signal upon amplification. The screening assay first detects the combination of stx and eae virulence gene factors to quickly clear negatives; the two panel assays then identify which of the top six STEC serogroups, if any, are present. The BAX System simplifies the PCR process by combining the requisite PCR reagents into a stable, dry manufactured tablet already packaged inside the PCR tubes. After hydrating these tablets with prepared samples, the tubes remain sealed during and after analysis to reduce the potential for contamination.
A series of studies were conducted to compare the BAX System STEC suite with the FSIS Microbiology Laboratory Guidebook (MLG) 5B.01 method (16, 22) for detection of the top six STEC in ground beef and beef trim. The BAX System real-time PCR assay for E. coli O157:H7 was also compared with the MLG methods for detecting E. coli O157:H7 (17, 19) . Since the present study was conducted, the MLG method for non-O157 STEC has been revised twice. MLG 5B.02 described the use of the SDIX RapidChek Confirm STEC immunomagnetic separation kit, and MLG 5B.03 (20) includes optional PCR assays (targeting stx and eae and the serogroup-specific gene) performed to verify presumptive-positive non-O157 colonies from modified Rainbow agar O157 (mRBA) and the use of latex reagents for the top six STEC from a commercial source. The MLG 5B.01 and 5B.02 methods are no longer accessible; however, the major differences between 5B.01, 5B.02, and 5B.03 are those described above.
MATERIALS AND METHODS
Strains used in this study. The bacterial strains used in this study for meat inoculations are listed in Table 1 , and all carried stx 1 and/or stx 2 and eae. Strains used for inclusivity and exclusivity testing are listed in Table 2 . Strains were obtained from the STEC Center (Michigan State University, East Lansing), the strain collection at the Agricultural Research Service (ARS) Eastern Regional Research Center (Wyndmoor, PA), the Agricultural Marketing Service (Manassas, VA), and the ARS Meat Animal Research Center (Clay Center, NE). The bacteria were stored in 20% glycerol at 280uC and plated onto tryptic soy agar (TSA; BD, Sparks, MD) when needed for experiments.
BAX System assays. The assays evaluated in this study were the BAX System real-time PCR assay for STEC screening-stx and eae (D14642964, DuPont Nutrition & Health, Wilmington, DE), BAX System real-time PCR assay for STEC panel 1-E. coli O26, O111, O121 (D14642970, DuPont), BAX System real-time PCR assay for STEC panel 2-E. coli O45, O103, O145 (D14642987, DuPont), BAX System real-time PCR assay for E. coli O157:H7 (D14203648, DuPont), and the BAX System PCR assay for E. coli O157:H7 MP (D12404903, DuPont).
Determination of assay sensitivity. The detection limits of the BAX System STEC suite were assessed from pure cultures of the STEC strains grown in brain heart infusion (BHI) broth (Remel, Lenexa, KS) at 37 to 41uC overnight. The cultures were diluted in tryptic soy broth (TSB; Becton Dickinson) at ca. 10 1 to 10 7 CFU/ml, and then 20 ml of the dilutions were transferred into cluster tubes with 200 ml of prepared BAX System lysis reagent. Lysis was performed by heating the tubes for 20 min at 37uC and 10 min at 95uC and then cooling the tubes at 4uC for at least 5 min. Lysate (30 ml) was used to hydrate a PCR tablet for each of the five BAX System assays. PCR tubes were loaded into the BAX System Q7 instrument and run according to the procedure described in the BAX System user guide. Cell counts were verified by plating onto TSA.
Inclusivity and exclusivity testing. For inclusivity testing, overnight cultures of 131 STEC strains (Table 2) were grown in BHI broth at 37uC to cell densities of approximately 10 9 CFU/ml and then diluted 1:10,000 in TSB and transferred to tubes with prepared BAX System lysis reagent. For exclusivity testing, 28 non-E. coli and 61 nontarget serogroup E. coli (Table 2) were grown overnight in BHI broth at 37uC to cell densities of approximately 10 9 CFU/ml, and the undiluted cultures were then transferred to tubes with prepared BAX System lysis reagent.
Lysis, protease inactivation, and sample processing were performed for all inclusivity and exclusivity samples as described above. Positive and negative results for the real-time PCR assays were determined by visual observation of amplification curves.
Beef sample preparation and inoculations. Ground beef (90% lean) was purchased on three occasions from local retail establishments and used for the three experiments, and the beef trim (containing ,10% fat, pieces ca. 1 by 5 in. [2.54 by 12.7 cm]) was purchased at one time for the two experiments. Representative portions of each beef matrix were prescreened for the presence of stx and eae, the top six serogroups, and E. coli O157:H7 with the BAX System STEC suite and real-time PCR assay for E. coli O157:H7. Aerobic plate counts (APCs) were performed on each matrix type by combining 65-g portions with 585 ml of buffered peptone water (Oxoid Ltd., Basingstoke, UK), making serial dilutions, and then plating onto aerobic count Petrifilm plates (3M, St. Paul, MN). The APC per gram of beef was calculated for each matrix. One beef trim sample and three ground beef samples were used.
Except for two of the three ground beef experiments in which the same strain was used for inoculation, each trial was performed with different non-O157 STEC and E. coli O157:H7 strains (Table 1 ). An isolated colony of each strain was suspended in 8 ml of BHI broth, incubated at 37uC for 18 to 22 h, and then diluted in 0.85% saline solution. Cell counts were verified by plating onto aerobic count Petrifilm plates. An uninoculated sample was included in each trial to serve as the negative control. The diluted test strain (1 ml) was added to each sample to create a target spike level of approximately 8 CFU (both 8 and 100 CFU of STEC O111 for the MLG method) per 325-g sample. All samples were held at 4uC for 48 to 72 h to cold stress the inoculum before enrichment.
Beef sample enrichments. For the BAX System method, 1.5 liters of prewarmed (42uC) TSB (17 g of pancreatic digest of casein, 5 g of sodium chloride, 2.5 g of dipotassium phosphate, 3 g of papaic digest of soybean meal, and 2.5 g of dextrose) with 2 mg/ liter novobiocin (Sigma-Aldrich, St. Louis, MO) were added to the ground beef samples in Whirl-Pak filter bags (Nasco, Fort Atkinson, WI), pummeled in a stomacher (Seward Laboratory Systems, Bohemia, NY) for 1 min, and incubated static at 42uC for 18 h before testing. Beef trim samples were combined with 1.5 liters of prewarmed (42uC) TSB (without novobiocin) and incubated at 42uC for 18 h before testing with the BAX System method.
For the MLG methods, beef samples (325 g) were mixed with 975 ml of modified TSB (17 g of enzymatic digest of casein, 10 g of acid digest of casein, 5 g of sodium chloride, 4 g of dipotassium phosphate, 3 g of enzymatic digest of soybean meal, 2.5 g of dextrose, and 1.5 g of bile salts no. 3, pH 7.3) (mTSB; Neogen Corp., Lansing, MI) and 8 mg/liter novobiocin in Whirl-Pak bags, pummeled in a stomacher for 1 min, and then incubated for 18 h at 42uC before testing with both the MLG and BAX System methods.
BAX System testing method for beef enrichments. For each sample, 20 ml of enrichment culture was added to 200 ml of prepared BAX System lysis reagent (150 ml of protease and 12 ml of lysis buffer) in cluster tubes, and lysis was performed as described above. Lysate (30 ml) was used to hydrate a PCR tablet for the STEC screening, STEC panel 1, STEC panel 2, and realtime E. coli O157:H7 assays. All PCR tubes were loaded into the BAX System Q7 instrument and run according to the procedure described in the BAX System user guide. MLG testing method for beef enrichments. For samples tested using the MLG method, 1.4 ml of enrichment culture was used to extract genomic DNA according to the MLG 5B.03 method using Tris-EDTA (20) . Real-time PCR master mix for the stx-eae assay was prepared as described in the MLG 5B Appendix 1.01 and by Wasilenko et al. (22) , and then 20 ml of master mix was combined with 5 ml of extracted sample DNA in the wells of the reaction plate. The plate was centrifuged briefly, and then it was loaded into a 7500 Fast cycler (Applied Biosystems, Foster City, CA) and processed to screen for stx and eae. The assay results were interpreted according to the MLG 5B method.
Samples that had positive results for both stx and eae were further processed using the appropriate multiplex real-time PCR method (wxy or wbdI targets) to identify the target STEC serogroups, again following the methods of MLG 5B.03 and Wasilenko et al. (22) . Testing of samples for E. coli O157:H7 enriched by following both the BAX System and MLG methods was performed with the BAX System real-time PCR assay for E. coli O157:H7 and the BAX System PCR assay for E. coli O157:H7 MP according to the MLG chapter 5A.02 (17) to compare the two assays.
STEC isolation by immunomagnetic separation and plating. The BAX System and MLG method enrichment cultures (2 to 3 ml) were filtered with a sterile 40-mm-pore-size cell strainer, and then 1 ml of the filtered culture was added to a microcentrifuge tube with 20 ml of O-specific immunomagnetic capture beads: Dynabeads EPEC/VTEC for O26, O103, O111, O145, and O157 (Life Technologies, Carlsbad, CA) and Dynabeads O45 and O121 prepared as described by Fratamico et al. (7) . Enrichment cultures and immunomagnetic beads were mixed by rotation at room temperature for 15 min, and then immunomagnetic separation, wash steps, and elution were performed according to the protocol described in the MLG 5B.03 (20) . An aliquot (0.1 ml) of each eluted bead suspension was diluted 1:10 and 1:100 in E-buffer (0.5 g of bovine albumin, 50 ml of Tween 20, and 100 ml of buffered peptone water, filter sterilized) and spread onto mRBA (16, 20) plates. An additional aliquot was subjected to an acid treatment (20) and plated onto mRBA both undiluted and after diluting 1:10 in E-buffer. All plates were incubated at 35uC for 20 to 24 h. Presumptive colonies were tested by latex agglutination (12) and then confirmed by transferring suspect colonies to 1 ml of sterile water, transferring 5 ml of the cell suspension to 200 ml of prepared BAX System lysis reagent, and processing with the BAX System real-time PCR assay for E. coli O157:H7 and the BAX System real-time PCR STEC suite as described above.
RESULTS AND DISCUSSION
The main goal of this work was to evaluate and compare the DuPont BAX System real-time PCR STEC suite with the MLG method for detection of non-O157 STEC. The BAX System real-time PCR assay for E. coli O157:H7 also was compared with the appropriate MLG methods. The BAX System method simplifies the PCR process by providing all the necessary reagents (primers, probes, polymerase, deoxynucleoside triphosphates, etc.) in lyophilized prepackaged tablets, and the three assays of the BAX System STEC suite use the same cycling conditions, allowing all three tests to be processed in a single run in the Q7 instrument. Although the enrichment time (18 h) and the time to perform the DNA extraction (ca. 40 min) using the BAX and MLG methods were similar, the total analysis time for performing the BAX System real-time assays (including the O157:H7 assay) is 55 min when they are performed simultaneously, whereas the MLG method requires about 100 min for each assay, excluding the PCR mixture set-up time.
The sensitivity of the three BAX System assays was evaluated, and the detection limit results attained using the STEC screening (stx and eae), panel 1, and panel 2 assays for the top six O groups with four replicates for each strain revealed that all targets were detectable at approximately 1.2 | 10 3 CFU/ml (data not shown). Six of seven serogroups were detected at a lower level of 4.1 | 10 2 CFU/ml, representing ca. 1.1 CFU per reaction in all of the replicates (O26, O45, O121, O145, O157) and in two of four O103 replicates. STEC O111 was not detected at this lower level in any of the replicates. Kagkli et al. (10) also found that several non-O157 STEC could be detected at levels of 10 copies per PCR except for STEC O111, which was detected at 25 copies per PCR (in three of six replicates). The reason for this difference is not clear. Detection limits reported in the literature for multiplex real-time PCR assays targeting STEC differ, ranging from 6 to 10 copies per PCR to 1 | 10 6 CFU/ml (1, 5, 9, 10, 13). The results of the present study indicate that the BAX System real-time PCR assays were highly sensitive for the target genes.
The real-time PCR assays were tested on several of the top six STEC and E. coli O157:H7 strains (Table 2) to determine inclusivity for the intended PCR targets. All strains in each serogroup tested were identified correctly by the BAX System assays. The assays also were tested to determine the exclusion of strains outside of the intended targets (Table 2) , and all three assays produced negative results for the target genes for these other bacteria, indicating that the assays are specific for the intended target bacteria.
Detection of STEC in ground beef and beef trim enrichments. The APCs for the ground beef and trim samples used for inoculation ranged from 10 2.8 to 10
5.1 CFU/g. To evaluate the performance of the BAX System method in comparison to the MLG non-O157 STEC method, the two were conducted using ground beef and beef trim inoculated with ca. 5 to 9 CFU (5 to 9 and 100 CFU/325 g for STEC O111) of one STEC strain per 325-g sample. For the BAX System method, prewarmed TSB with 2 mg/liter novobiocin was used for enrichment of ground beef and TSB without novobiocin was used for beef trim. For the MLG method, mTSB with 8 mg/liter novobiocin (not prewarmed) was used for both meat matrices. After 18 h of incubation at 42uC, both the BAX System and MLG enrichment cultures were analyzed using the BAX System STEC suite. DNA extraction from the samples enriched based on the MLG protocol was performed with both the BAX System and MLG methods, and the extracted DNA was tested by both the BAX System STEC suite and the MLG real-time PCR assays to compare the two methods using the same medium-meat matrix.
Results of ground beef samples inoculated with the STEC strains at ca. 5 to 9 CFU/325 g and enriched in mTSB Ground beef used for this experiment was positive for the O103 and stx targets before inoculation with the non-O157 STEC strains.
plus 8 mg/liter of novobiocin are shown in Table 3 . Three samples were also inoculated with 100 CFU/325 g of STEC O111 (Table 3 ). In addition to the two experiments performed on both matrix types, a third experiment with ground beef was also conducted using the BAX System method and MLG method. For the first experiment with ground beef, the initial prescreen of the 325-g meat sample was performed using only the BAX System real-time PCR assays, and results were negative for stx and eae, the six non-O157 serogroup-specific targets, and serotype O157:H7. The uninoculated meat was enriched in mTSB plus 8 mg/liter novobiocin before testing with the BAX System method. Unfortunately, when this lot of ground beef was used for the experiment, the uninoculated controls that were run with both the BAX System and the MLG enrichment cultures indicated that the meat was naturally contaminated with STEC O103 and stx but was negative for eae. Distribution of the STEC O103 contaminating strain probably was uneven among the sample portions, resulting in a negative result when the meat was screened. For the remaining four test runs (two ground beef and two trim), two 325-g uninoculated test portions were screened using mTSB (without novobiocin) to eliminate the possibility of the screening step missing any natural contaminants present. In the inoculated ground beef enriched with the mTSB plus 8 mg/liter novobiocin, results using the BAX System and MLG assays were in agreement for the non-O157 STEC serogroups ( Table 3 ). The target pathogen was isolated and confirmed in all inoculated samples. Because an STEC O111 strain was not detectable in one set of trim samples (see below), the meat samples were inoculated with both low and high levels of STEC O111 (ca. 5 to 9 and 100 CFU/ 325 g). Ground beef samples enriched with TSB plus 2 mg/ liter novobiocin were all positive for the respective targets using the BAX System method ( Table 4 ). The target pathogen was isolated and confirmed from all of the inoculated samples.
The BAX System method and MLG method detected stx and eae and the targeted O-group, with one exception: one trim sample inoculated with STEC O111 at 9 CFU/325 g was positive for only eae by the MLG method and negative by the BAX System STEC assays (Table 5 ). This STEC O111 strain was detected by the BAX System method using TSB without novobiocin (Table 6 ). When using mTSB plus 8 mg/liter novobiocin, culture isolation was not possible. The observed difference has several possible explanations. The different levels of novobiocin (none in the BAX System method and 8 mg/liter in the MLG method) may have contributed to the poor growth of that STEC O111 strain in the beef trim sample. The presence of novobiocin in enrichment media may inhibit the growth of some non-O157 STEC strains to a larger extent than they inhibit E. coli O157:H7 (21). However, the same STEC O111 strain was detected in ground beef samples using mTSB plus 8 mg/liter novobiocin, suggesting that in certain matrices and under certain conditions novobiocin may be less inhibitory. Another possibility is that after the cold stress of the trim sample with the low level inoculum, the number of healthy cells was reduced to a greater extent in the trim sample (STEC O111 at 9 CFU/325 g) tested using the MLG medium. This explanation is supported by the detection of the STEC O111 strain when the higher 100 CFU/325 g level inoculum was used. In addition, a positive result for the eae gene was obtained with the MLG PCR assay from the sample inoculated with 9 CFU/325 g, indicating that there were STEC O111 cells in the samples, and the eae target may be amplified somewhat more efficiently than the stx target. However, additional experiments are needed to verify this. To confirm the real-time PCR results, both the MLG and BAX System enrichment cultures were subjected to immunomagnetic separation to isolate the target cells. For all samples that were positive by screening, the target pathogen was isolated by culture in both types of enrichment protocols (Tables 3  through 6 ). The E. coli O157:H7 strains (positive for both stx and eae) were detected by both the BAX System and MLG non-O157 stx-eae screening assays. The samples inoculated with E. coli O157:H7 were also tested with the BAX System realtime PCR assay for E. coli O157:H7 to compare the results with those of the E. coli O157:H7 screening method described in the MLG chapter 5A.02, which uses the BAX System PCR assay for E. coli O157:H7 MP (Tables 3 through 6 ). The BAX System real-time PCR method detected E. coli O157:H7 in every inoculated sample; however, the BAX System PCR assay for E. coli O157:H7 MP did not detect the E. coli O157:H7 in one of the three ground beef enrichment cultures ( Table 3 ). The reason for this negative result is unclear, but one possible explanation is that the BAX System MP assay is less sensitive than the BAX real-time method. Further testing would be required to verify this hypothesis. Another explanation is that low target cell numbers resulted in a final target level that was below the detection limit of the BAX MP assay. This hypothesis is supported by the fact that the corresponding cycle threshold value for this particular sample with the BAX System real-time assay was high, indicating a lower level of target in the sample. However, E. coli O157:H7 was isolated from all of the enrichment cultures, including the culture that was negative with the E. coli O157:H7 MP assay.
In summary, the results of this study demonstrate that for detection of STEC in ground beef and beef trim the performance of the BAX System was comparable to that of the FSIS MLG method. High sensitivity and inclusivity were obtained for all of the assays, and exclusivity was complete. The tableted reagents included with the BAX System assays require fewer hands-on steps and reagent transfers, and the PCR run time is shorter with the BAX System, with an overall estimated time reduction of ca. 1 h for sample preparation and screening assays (stx, eae, O26, O45, O103, O111, O121, and O145 together) compared with the MLG method. The BAX System requires three tests versus four tests for the MLG to screen samples. Because one beef trim sample inoculated with STEC O111 was negative using mTSB plus 8 mg/liter novobiocin but was positive using TSB without novobiocin, the use of novobiocin for STEC enrichment culture warrants further investigation. 
